Abstract-This paper presents an algorithm that has been developed to estimate the residual range of an electric vehicle, i.e., the distance that can still be covered with the energy stored inside the battery. The algorithm takes into account the complexity of the behavior of electrochemical batteries, with special reference to lead-acid batteries, as well as the main issues related to different driving styles. This paper also discusses some of the experimental results obtained by the use of the algorithm in several urban test trips made using two different types of electric vehicles.
the delivered current, the lower the charge (and energy) that can be extracted. This phenomenon is not primarily due to a variation of efficiency with the discharge rate. When a battery is discharged at high rates, although part of the stored charge is not available at those rates, it is not completely lost, but can be extracted later by discharging the battery at lower rates. In terms of EVs, this can be seen for the case where a vehicle has a fuel level that, very differently from the usual case of fossil fuels, dynamically varies: if the user slows down, the level can even rise. By simplifying, a storage battery looks like a fuel tank whose volume varies with the outlet flow rate.
This greatly complicates the problem of estimating the residual range. First, the effects of the past history on the charge that can be extracted from the battery [or residual charge RC)] are to be measured by several state variables of a suitable dynamic model: not only the extracted charge and the electrolyte temperature but also other state variables measuring the effects of the past discharge rate on the future battery performance. Moreover, because of the variability of the battery extractable charge with the discharge rate, the RC depends also on the future, since the extractable charge depends also on the future discharge rate. An additional problem of the lead-acid battery storage is a nonnegligible change of the RC due to temperature variations. This is also to be taken into account. It implies a dependence of the RC on the future, since the future temperature is largely unknown. This paper analyzes these complex problems. An algorithm that takes them into account and makes estimates of an EV residual range is presented, as well as the experimental results deriving from an implementation of this algorithm in two real EVs.
B. Residual Charge Estimation
The algorithm proposed in this paper for the state-of-charge estimation is based on the battery model described in detail in [3] , whose main characteristics are also reported in the Appendix for the reader's convenience. This model is used to estimate the residual charge of the vehicle battery, according to the following steps. battery. The measured quantities are fed to a software procedure that performs the numerical simulation of the observer model and estimates the present state of the model. In particular, the observer output consists of electrolyte mean temperature "extracted charge" . As explained in the Appendix, the extracted charge is defined as the charge that can be extracted from a full battery to reach the present state-of-charge. The state-of-charge can then be measured by one of these two indexes (called in [3] state-of-charge and depth-of-charge, respectively)
where is the charge that can be extracted from the full battery, at a constant discharge current and electrolyte temperature ; and is maximum charge that can be extracted at a constant current from the battery at the electrolyte temperature . It is the charge that can be measured using a very low current: if there were not self-discharge, this current could be an infinitesimal current; in practice, the 100-h current discharge can be utilized.
As a consequence of these definitions of and , DOC and SOC measure the battery state-of-charge with reference to the charge extractable at the present current or the maximum extractable charge, respectively.
The knowledge of the extracted charge and electrolyte temperature is sufficient to calculate the battery residual charge, the charge that can be delivered by the battery up to complete discharge, at a constant current. However, the following questions have to be solved.
1) The battery current in a real vehicle is far from being constant 2) The future is obviously unknown and, therefore, the current that will be requested from the battery from the time being up to the discharge is not known, and therefore has to be forecast. Point 1) has been solved considering that several experimental results obtained at the University of Pisa Laboratories show [3] that the battery capacity at a variable current can be computed considering the same analytical expression that gives the capacity as a function of and (reported in Appendix) provided that a filtered value of the real battery current is entered. The filter used is a first-order transfer function (see left part of Fig. 1 ), whose time constant depends on the battery considered and is in the order of a few tens of minutes.
Problem 2) has been approached in the way described in the SectionII-D.
C. Residual Range Estimation
Once the residual charge has been computed, according to the techniques sketched in Section II-B, in order to estimate the RR, two steps are still needed: 1) convert the residual charge estimate into a residual energy estimate; 2) convert the residual energy estimate into a residual range estimate. Steps 1) and 2) are pictorially described in Fig. 1 are the time at which EBV is computed and the end of the trip, respectively. The energy index (EI) is defined as the range in kilometers that can be covered with one kilowatt-hour of energy stored in the battery. The charge-to-range factor (CRF) is simply obtained as
CRF EBV EI
In the same figure is also evidenced that the residual charge computation requires the consideration of an average battery current that, as stated before, is a filtered measure of the battery current. If the battery model described in the Appendix is considered, this current coincides with the current showed as in the model equivalent circuit. Rigorous estimates of EBV and EI are very difficult to obtain because both depend on what will happen to the vehicle in the future, in terms of speed, acceleration, regenerative and mechanical braking, etc. The experiences performed by the authors in a comprehensive on-the-road campaign on real EVs suggest that the following simplifications can be made, at least in the cases in which the differences between a mission and another of a given EV are not very strong. 1) EBV can be considered to be a function of the mere battery state-of-charge; therefore, for a given vehicle, only a curve EBV had to be computed, where has the same meaning as in Section II-B. 2) EI can be considered constant for a given vehicle. For instance, for the two vehicle typologies considered in the tests, vehicle #1 had EI around 7 km/kWh, while vehicle #2 (that had a lower maximum speed) had an EI around 8 km/kWh. In the following, it will be shown that the condition of constant EI, although not causing excessive errors in the residual range estimate, is not difficult to remove, since it can easily be adapted to the actual vehicle operation mode.
D. The User Interface
The problem of defining the user interface of a residual range meter is very delicate, since it has to convey as much as information as possible to the user without distracting him from driving the vehicle. An interesting study on the choice of a good user interface is reported in [7] , where different stages of development of a residual range (there called "distance-to-empty meter") indicator, and some outcome deriving from fleet tests of these indicators, are reported.
One of the results of the study [7] is that the user of an EV, because of the limited range available, needs more than a level indicator similar to the one installed in conventional vehicles: he requests a numerical indication of the length that can be covered starting from the present battery state of charge, i.e., the quantity called in this paper residual range.
However, as was shown in Section II-A, a lead-acid storage battery looks like a fuel tank whose volume varies with the outlet flow rate. This implies that an RR calculation requires some forecast on the future vehicle activity. A natural way of making such a forecast is to estimate the RR as if the driving style would remain the same as the present one. This could be called the present driving-style residual range (PDRR).
The authors think that in order to correctly exploit the EV capabilities, the vehicle user should know that the driving style influences the residual range according to these simple rules:
1) the faster the trip, the lower the available range, in a measure larger than standard (combustion engine) vehicles; 2) the several braking actions that occur during urban trips waste much less than on standard vehicles. With this simple knowledge in mind, the indication of the PDRR can be successfully exploited by the driver in most situations. However, there is a condition in which this piece of information appears to be insufficient, i.e., at the beginning of the trip. After a long period of vehicle rest, in fact, it is not clear what would be the meaning of the sentence, "if the driving style would remain the same as the present one," utilized in the PDRR definition. On the contrary, at the beginning of a trip, the user needs information to plan the trip: he wants to know what distance is the vehicle able to cover, starting now. Obviously, to answer this question, one should consider a particular standard driving style. A good solution is to give the user some information about constant-speed residual range. The numerical value of this speed depends on the nature and typical mission of the vehicle. For the two vehicles for which experimental tests are presented in this paper, the user is provided with an indication of the so-called RR , i.e., residual range at the constant speed of 50 km/h.
Regarding the additional problem of the variability of the RC with the vehicle (internal) temperature, the following considerations apply.
1) The temperature range at which the battery would operate during long trips is not very wide. In fact, since the driver would not accept extreme conditions, a moderately narrow range (say 10-30 C) is reasonable; during a single trip, the range is even narrower. 2) Although not negligible, the dependence of RR on temperature is not dramatic. Normally, it can be assumed that a difference of 1 C causes not more than 1% of difference in RR.
3) The battery thermal inertia constitutes a natural filter of the fast oscillations of the vehicle temperature, so that the variations of the electrolyte mean temperature in a single trip are smaller than those of the air temperature (see Fig. 7 ). As a consequence of these points, the authors think that the problem of the dependence of RR on temperature can be addressed by a "worst case" technique, reducing the RR by about 10-15% the nominal RR. The PDRR can be reduced by a smaller amount, since it is intended as a measure to be utilized within a smaller time range, so that a maximum temperature reduction of 5-8% can be hypothesized, and, correspondingly, the displayed PDRR should be reduced by 5-8%.
Summarizing, this study suggests that the following indications are to be given to the EV user. 1) RR (or, in general, RR , where speed is a reference speed that in the case of RR is 50 km/h). This indication is of maximum importance at the beginning of a trip, to estimate if a target point can be reached using the vehicle at an average speed not higher than the reference speed. 2) PDRR, i.e., the RR as if the driving style would remain the same as the present one. This is of greatest importance during the trip, since PDRR automatically adapts to the real driving conditions. These two indications are obviously to be complemented by some warning light, the number and aspect of which is out of the scope of this paper.
III. A PROTOTYPE DEVICE
A prototype device for on-line estimating the effectiveness of the algorithms proposed in this paper, described before, has been developed and installed onboard of two vehicles. Two units of this prototype have then been installed onboard two vehicles having different usage characteristics. A picture of one of such installation is shown in Fig. 2 . This prototype has been built around these specifications: 1) construction around a standard industrial computer, with the widespread MS-DOS/Intel 80 86 architecture; 2) capability of storage of trip data (total and partial battery voltages, speed, road slope, temperature of the air around the battery) in a onboard mass-storage device; 3) capability of bidirectional exchange of data with a standard portable PC; 4) hard construction, so as to withstand the strong mechanical, thermal, and electrical stresses present in an EV. Since this prototype was intended to perform tests of algorithms, there were no specific constraints on the size and cost of the device.
A very important feature of this prototype is the signal acquisition and conditioning system. In fact, current and voltage can show very fast variations versus time, the battery being normally interfaced with a chopper having operating frequencies of at least 1 kHz. Consequently, the direct acquisition of these voltage and current signals would require very small sampling times, in the range of 1-10 s. To limit the sampling time to reasonable values, it has been decided to filter the signals before the analog-to-digital (A/D) conversion with a filter having a very narrow bandwidth (a 0-0.4 Hz width was used). With this choice, the sampling time can be limited to around 100 ms, with strong reduction of the computing capability required.
The software of the prototype, developed in C language, in addition to implementing the RR estimation algorithm described in the first part of this paper, also manages the special functions related to the "prototype" nature of the device, i.e., the need of storing onboard trip data. In particular, an algorithm that automatically adapts the recording time to the real signal dynamics (faster recording for faster signals) has been conceived. The mass storage device was arranged as a circular buffer, so that if the trip data were not dumped for a long time, only the more recent data would be overwritten.
IV. MICROCONTROLLER IMPLEMENTATION
Despite its richness, the algorithm proposed for estimating an EV residual range is simple enough with respect to the power present-day computing chips that it is largely compatible with the power of a microcontroller having cost in the range of a few tens of dollars. The authors are presently developing a small device based on a 16-bit commercial microcontroller and a 12-bit A/D conversion unit (the 10-bit A/D integrated in the microcontroller and the related precision are deemed insufficient for the purpose).
The software that is being developed performs the following operations: 1) data acquisition; 2) RC and RR estimation (in the forms of RR and PDRR); 3) data visualization to a small LCD; 4) management of a RS232 port for battery and vehicle data update. This can be easily performed with a program that is smaller than the maximum available of 32 kB and numerical data that are smaller in size than the available 1 kB of RAM. The input quantities will be first conditioned and filtered out with a filter having a passband of a few hertz, then sampled with a sampling time of 50-100 ms. It is expected that such a device, for volume production, would have a cost compatible with a large utilization in EVs.
V. SOME EXPERIMENTAL RESULTS
As described in the previous sections, several tests have been carried out with two different EVs to check the effectiveness of the proposed algorithms and the resulting accuracy. A more detailed report of the results obtained will be supplied in a different paper. In the following, some of the results showing the operation of the algorithm are described. Fig. 3 shows the RR indexes as well as the vehicle speed in kilometers/hour of a trip, referred to, from now on, as trip1. The trip was continued up the compete discharge of the battery, i.e., up to when the vehicle was unable to move because of the intervention of internal protection of the drive train.
As mentioned before, there exists the problem of computing the PDRR at the beginning of the trip, since the present driving style is still undefined. The curve shown in the figure, which corresponds to the values displayed onboard, is computed according to the following algorithm.
1) A minimum average operating current is determined, defined as the average current the battery (supposed full) would deliver if the vehicle runs at a very low speed (say 20-25 km/h). Let this current be called . 2) The residual charge is computed with reference to , as well as with reference to the real average current (shown in Fig. 1 as ; the quantity (present driving style residual charge) PDRC RC RC is computed. 3) Taking as reference the PDRC, PDRR is computed this way (see Fig. 1 )
PDRR PDRC CRF
This way, at the beginning of the trip, the PDRR takes the meaning as the maximum reasonably available range.
To have a more precise indication of the available range, it has to be correlated to a reference speed: this piece of information is given by the RR . It can be noted from Fig. 3 that after a few kilometers, the indications of PDRR and RR nearly coincide. This is a direct consequence of the fact that the average speed of the first part of the considered trip is not very far from 50 km/h. In the second half of the trip, the average speed is much lower. Then there is a more marked difference between the two curves. This difference decreases with time because of the reduction of the RC, which implies a reduction of the residual charge difference between different drive styles. Fig. 4 shows the EI computed from the measures on the vehicle battery of the same trip1. It is easily seen that after the initial transient, it stabilizes around 8 km/kWh. Since in the different trips performed this value is pretty constant, for simplicity it is assumed as constant and dependent only on the vehicle considered.
Obviously, this choice is questionable, since if the typical vehicle mission changes, it is expected that the EI changes as well. However, since the on-line computation of the EI is very easy (the battery power output is immediately available from the measures of voltage and current, while the space covered is easily obtained integrating the measure of speed), an autoadapting algorithm can be envisaged for production devices. Finally, Fig. 5 shows the temperature of the air surrounding the battery measured during trip1, along with the estimated average electrolyte temperature. It is apparent that this test has been carried out at a nearly constant temperature.
This implies a rather good precision of the initial RR estimate of the device: the initial RR indication is 80 km, equal to the space actually covered during the trip. Since the latter was performed at an average speed lower than 50 km/h, the initial RR50 was a bit higher than what should have been, with the error being very small, around 5 km. At the very end of the trip (i.e., when the vehicle stopped because of the internal protection), the RRs indicated by the meter were around 4 km (instead of zero), an error that can again be considered very small. For the sake of comparison, consider the plots reported in Figs. 6 and 7, related to a different trip, called trip2. In this case, a strong temperature rise is observed (more than 10 C) This justifies the fact that the space covered was consistently more than the amount estimated by the algorithm at the trip's beginning. Note that the strong vehicle temperature rise shown between 2 and 2.5 h is caused by the parking of the vehicle in a place in which it was under direct solar radiation.
Again, at the end of the trip, the indications or RR were not zero: values of less than 4 km of residual range were seen. This negative value indicated that the meter would expect the end of the trip 4 km before the real end. Again, a very small error was obtained.
VI. CONCLUSION
An algorithm to estimate, during EV trips, the distance that can still be covered with the present state-of-charge of the vehicle has been developed and described in this paper.
This algorithm in the present version is specialized for lead-acid batteries and takes into account:
2) the different ability of this kind of battery to deliver capacity as a function of the discharge rate; 3) the electrolyte internal temperature as estimated with a dynamic thermal model. The proposed algorithm has been implemented in two industrial computers that, in turn, were installed onboard two different EVs. Some of the results obtained from trips performed with these vehicles in real conditions are presented. They show very good accordance between the residual range forecast by the algorithm and the space actually covered by the vehicle.
While tests are still in progress, work is in progress in the following areas: 1) implementation of the algorithm into a low-cost microcontroller-based device that has a cost target compatible with a widespread installation onboard production EVs; 2) improvements of the algorithm, making it more self-adaptive to the different working conditions; 3) definition of standard test procedures so that the parameters needed to calibrate the internal battery and vehicle model on which the algorithm is based are automatically determined. 
APPENDIX LEAD-ACID BATTERY MODEL
The algorithm proposed in this paper for the state-of-charge estimation is based on the battery model presented in [3] . The general idea of that model is to describe the battery as an equivalent electric network; the network considered here is that shown in Fig. 8 .
This circuit is a generalization of the battery model usually utilized for simple tasks, constituted by an electromotive force (emf) and an internal resistance. Here, the internal resistance is split into three parts, and the dynamics associated with each of them is modeled. In addition to the main branch, containing the emf , a secondary branch models the electrochemical reactions occurring in the battery different from the main one, i.e., the charge really stored in the battery is the integral of current , that is, the current flowing within the emf. The current , flowing in the parasitic reactions branch, does not contribute to the charge process and causes the charge efficiency of the battery to be less than unity. In practice, for lead-acid batteries, represents two different phenomena: the electrolyte gassing that occurs at the end of a discharge process (if the battery has recombination capability, only the current in excess of the recombination capability enters the parasitic reactions branch) and the battery self-discharge. An important feature of the model is that the joule losses in the resistors of Fig. 8 correspond to the power internally converted into heat, and therefore can be used, along with the battery thermal model, to estimate the battery internal temperature. It must be noted that this representation of the battery model is only for readability, because the model is strongly nonlinear. This means that in Fig. 8 , all the electric parameters (resistors, capacitors, emf, gassing branch) are not constant but a function of other model quantities. This model has a dynamics of fourth order, the state variables being: 1) battery stored charge (quantity , called "extracted charge," defined as the charge that can should be extracted from a full battery to reach the present state-of-charge); 2) battery electrolyte temperature ; 3) currents and , shown in Fig. 8 . This battery model takes into account the variation of the battery capacity with the electrolyte temperature and the discharge rate. According to the model, the battery capacity for a constant-current discharge rate is where mean electrolyte temperature; electrolyte freezing temperature (on the order of 40 C; empirical coefficients, function of the battery considered; current that discharges the battery (starting from full) in the nominal discharge time . When the discharge current is not constant, the equation still gives good results if instead of current the current is used is distinguished from , taking into account that it is . The extracted charge is computed as
